The free-ranging feeding behaviour and activity patterns of three lactating and two non-lactating female koalas (Phascolarctos cinereus) were investigated using acoustically sensitive radio-telemetry. Lactating females were found to consume more leaf material, masticate more per leaf and at a greater rate, and perform more ingestive and merycism mastications per 24 h than non-lactating females. Results suggest that female koalas are 'income breeders' that compensate for the higher energetic demands of lactation by increasing intake and, to a lesser degree, investing more in each mouthful so as to produce a shift in digesta particle size distribution in favour of more finer particles. Compared with non-lactating females, lactating female koalas were also found to spend more time moving within trees, feeding per 24 h and per bout, and less time resting and sleeping per 24 h, although the proportion of active time spent feeding was similar (~80%). This implies that female koalas adopt a 'time minimizing' strategy whereby activity budgets respond to current requirements. Lactation-compensation mechanisms are compared with those reported for koalas with high tooth wear, and the capacity of aging female koalas to compensate for lactation are discussed.
Introduction
For most mammals, lactation results in large increases in energy requirements (Gittleman and Thompson 1988) and is not only considered the most costly component of reproduction, it is also regarded as the most energetically expensive life-history event (Thompson 1992) . Furthermore, other concurrent nonlactational consequences of dependency such as infant care, transportation and thermoregulation can impose additional costs (Price 1992; McLean and Speakman 1997; Sanchez et al. 1999) .
Female mammals have been found to compensate for these increased energetic and nutrient requirements through a combination of physiological and behavioural mechanisms. Most commonly, the extra requirements of lactation are met by increased food intake (e.g. ruminants : Weston 1988 ; non-ruminating foregut fermenters: Cork 1991; marsupial carnivores: Green et al. 1988; omnivorous primates: Nievergelt and Martin 1999) . However, a reduction in levels of activity and metabolism (Racey and Speakman 1987; Mellish et al. 2000) and the utilisation of previously stored energy reserves (Oftedal 1993; Bowen et al. 2001) have also been identified as important mechanisms in some animals. Depending on the degree to which the maternal investment strategy emphasises either short-term adjustment of food intake or fat reserve utilisation, mammals are considered respectively as either 'income' or 'capital' breeders (Stearns 1989) .
Koalas (Phascolarctos cinereus), are small-medium sized (>15 kg) arboreal folivores that feed almost exclusively on a eucalyptus diet (Pratt 1937 ) that is high in fibre and low in available nutrients and energy (Cork and Sanson 1990) . The poor quality of this diet, compounded with the allometric constraints of small body size (Demment and Van Soest 1985) are likely to affect and even limit the amount of energy available for reproduction in koalas. Although the total metabolisable energy requirements for reproduction are similar to those of other mammals, the mass-specific daily rate of energy transfer to the young is the lowest recorded in a mammal and the lactation period over which energy is transferred is 58% longer than is predicted for a mammal of their mass (Krockenberger et al. 1998) .
Koalas are inactive animals, spending most (80-85%) of the time resting and sleeping (Nagy and Martin 1985; Mitchell 1990; Logan and Sanson 2002a) . Inactivity and low metabolic requirements are thought to allow koalas to conserve energy and contribute substantially to their ability to utilise such a poor-quality diet (Cork and Sanson 1990) . Moreover, male koalas spend most (65-85%) of their active time feeding (Logan and Sanson 2002a) , and female koalas are considered to be even less active than males (Mitchell 1990) . Consequently, it is unlikely that female koalas could offset the increased energy costs of lactation by reducing the levels and the costs of other non-feeding activities.
In addition, koalas do not carry substantial fat reserves (Degabriele et al. 1978; Ellis and Carrick 1992) and are therefore likely to adopt an 'income' strategy, whereby the extra energetic costs associated with lactation are met largely by increases in food consumption, feeding effort and time allocation to feeding.
The aim of this study was to investigate the effects of lactation and juvenile dependency on the feeding behaviour and activity patterns of free-ranging female koalas.
Methods

Study site
The 25-ha study site was located in coastal manna gum woodland on the south-west side of Raymond Island, approximately 300 km east of Melbourne, Australia (38°55´S, 147°45´E). The low, open vegetation was dominated by coastal manna gum (Eucalyptus pryoriana) with a thick understorey of bracken fern (Pteridium esculentum). Banksia serrata, B. integrifolia, Acacia longifolia and Exocarpus cupressiformis were also present, and, although rarely consumed, they provide more shade than manna gums and were frequently used on hot days.
The investigation took place during November 2000, in which the average minimum and maximum temperatures were 16°C and 31°C respectively. As a result of a dry winter and spring, the flush of new leaves did not occur until late December 2000, and thus only mature manna gum foliage was available. The breeding season of Victorian koalas usually begins in October and extends through to late February. Young are born from November to March and they emerge from pouches from June to November (McNally 1957; Martin and Handasyde 1990) . November was selected as the time in which females with relatively small back-young (those that breed late the previous season), and thus in peak lactation (Krockenberger et al. 1998) , as well as females that had not yet mated in this season, could be readily encountered. Furthermore, the weather conditions during October (high winds and heavy rains) would be considered unfavorable for acoustic telemetry.
Three female koalas accompanied by small back-young and two unaccompanied adult female koalas were captured using the methods described by Lee and Martin (1988) . Upon capture, each individual was weighed (adult females to ±50 g, back-young to ±10 g). The two non-lactating and three lactating females weighed 9. 4, 8.3, 8.7, 8 .0 and 9.5 kg respectively. Back-young weighed 1.3 kg (±0.3, s.d.) and were estimated (based on Martin 1985) to be ~250-300 days old, the age at which Krockenberger et al. (1998) associated the greatest lactation load. The degree of tooth wear of adults was also assessed (following the descriptions of Martin (1981) and Lanyon and Sanson (1986) ) to ensure that all females had the same level of wear (Wear Class 2) after Sanson (2002a, 2002b) found that tooth wear had the potential to affect the feeding behaviour and activity patterns of koalas. Each adult was fitted with a collar containing an acoustically sensitive audio-transmitter (Greager et al. 1979; Lentle et al. 1998; Logan and Sanson 2002b) before being released back into the tree from which it had been captured. Pouch inspections suggested that the two non-lactating females had previously bred, and both were subsequently found to have back-young in November 2001. Krockenberger et al. (1998) noted that females that had the longest lactation periods failed to breed in the following season. Regular trips to Raymond Island from 1999 to 2001 revealed that many females still had back-young well into February (perhaps attributable to the extended dry period).
Microphone transmissions were initially monitored using a Uniden Bearcat (66-512 MHz, 1k) scanner and hand-held Yagi antenna. Animals were released within 10 min of capture, and their recovery and wellbeing periodically monitored for 72 h thereafter. During this time, the various sounds transmitted by the collar were calibrated against behavioural activities of the koalas. Thereafter, each individual was randomly allocated to 2 of the next 10 days, during which the sounds that it made over a continuous 24-h period (commencing at 17:00 hours) were recorded onto the audio channel of three sequential, 5-h stereo HiFi BASF video-cassette tapes (to enable extensive recording periods -up to 10 h), using a long-play, Panasonic stereo HiFi VCR via a Uniden Bearcat (66-512 MHz, 1k) scanner attached to a Discone wide-band, omni-directional antenna raised to 5 m. A concurrent video time-stamp was provided by an IR CCD camera focused on a small stopwatch. The VCR, camera and scanner were powered by one of three Century 86T deep-cycle batteries in a charge/discharge rotational cycle, via a 140-W inverter. Daily (24-h) recording sessions in which the maximum ambient temperature exceeded 30°C or that contained either rain or high winds were abandoned and further postponed for an additional day because Watson and Dawson (1993) and Lentle et al. (1998) highlighted the influences of weather conditions on the feeding behaviour of free-ranging herbivores. Initially, three lactating and three non-lactating female koalas were collared; however, equipment failure prevented sound transmission from one of the non-lactating females and thus reduced the sample size of the controls to two.
At the conclusion of the investigation, individuals were recaptured, weighed and the collar removed. All individuals and young had either maintained or slightly gained weight.
The VCR tapes were played back in real time through an AV amplifying monitor. In-house software (written by M. Logan), synchronised to the playback, permitted each audibly recognisable event (such as an ingestive mastication) to be digitally flagged, along with the exact time and date at which the event occurred. Ingestive and merycism mastications were distinguished following the descriptions of Logan (2001) .
Feeding behaviour
The resulting digital data were subsequently manipulated to calculate the following feeding parameters per animal per day (24 h): number of leaves consumed, ingestive mastications per bite, total number of ingestive mastications, ingestive mastication rate, total number of merycism mastications, merycism mastication rate and the leaf-consumption rate. Observations indicated that koalas ingested only one leaf at a time. Hence, the total number of leaves consumed per animal per 24 h was calculated as the number of biting (excising) sounds detected. Likewise, the total number of ingestive mastications per animal per 24 h was calculated as the number of ingestive mastication sounds detected for that period. The number of ingestive mastications per leaf was calculated by dividing the number of biting sounds per animal per day by the total number of ingestive mastications for that period. Mastication rates (ingestive and merycism) were determined by first calculating the time elapsed (in milliseconds) between the start of two consecutive mastication events. The mastication rate (mastications s -1 ) for each 24-h session was then calculated by taking the reciprocal of the average of each of the individual intra-mastication intervals over that period, excluding those intervals that exceed 5000 milliseconds in duration. Finally, the average mastication rate (mastications s -1 ) per animal per 24 h was calculated. Leaf-consumption time was defined as the time (in seconds) that elapsed between two consecutive bite events that were no more than 60 s apart. The average leaf-consumption time was hence calculated for each individual per 24 h. Each of the feeding performance parameters was subsequently expressed as an average for the two 24-h recording sessions for each animal.
Activity patterns
Events were divided into five activity categories: feeding (defined by chewing, biting and other food-procurement sounds); moving within a tree (defined by climbing sounds), walking on the ground between trees (defined by walking, running sounds), resting (defined by the presence of regular wakeful sounds such as head/limb movements, scratching, vocalising) and sleeping (defined by the presence of breathing sounds and absence of all other major wakeful sounds for a period of at least 5 min). An additional category, 'inactive', which combined resting and sleeping was subsequently added.
The start and finish of categories were marked by the presence of defining sounds and the absence of defining sounds for a period of more than 5 min respectively. Hence the timing and duration of each activity was recorded. In the event that two or more categories co-occurred, the category recorded was determined on the basis of a rarity hierarchy (walking-moving-feeding-inactive-sleeping), in which walking was the rarest and was given highest priority.
A feeding bout was defined as a continuous block of feeding sounds that were not interrupted by more than 5 min of either resting or sleeping sounds, and thus feeding-bout lengths were calculated as the number of minutes elapsed within each feeding bout for each 24-h period. Feeding-bout lengths, as well as the amount of time spent feeding, inactive and sleeping were then expressed as the average amounts of time (in hours) spent per 24 h for each of the two continuous, non-consecutive 24-h recording sessions for each individual. The amounts of time spent moving and walking were expressed as the average amount of time (in minutes) spent per 24 h for each of the two continuous, non-consecutive 24-h recording sessions for each individual.
Home range
Throughout the 18-day period, the five koalas (and three back-young) were routinely located by orienting a hand-held Yagi antenna towards the direction of greatest signal strength and progressively de-tuning a Uniden Bearcat (66-512 MHz, 1k) scanning receiver on approach. All individuals were located once per day between 08:00 and 09:00 hours for 18 consecutive days for home-range analysis. Animal locations were determined by estimating the position (±5 m) within a 1000 × 1000 m reference grid with 50-m increments. To determine tree use, individuals were also relocated when the sound signals indicated a change of tree.
Data analysis
Separate or pooled variance t-tests were performed as appropriate to determine the effect of lactation and juvenile dependency on the (scaled to metabolic weights) mean number of ingestive mastications, mean number of leaves consumed, mean number of ingestive mastications per bite, mean ingestive mastication rate (mastications s -1 ), mean number of merycism mastications, mean merycism mastication rate (mastications s -1 ) per 24 h, and mean amount of time spent on each activity per 24-h period. All analyses were carried out using R (Ihaka and Gentleman 1996) and at a significance level (P value) of 0.05. Home ranges were calculated using a 95% minimum convex polygons (CALHOME software: Kie et al. 1994) . Incremental area analysis confirmed that the number of fixes (18) were adequate to describe the home ranges of each of the female koalas.
Results
Females with a dependent young were found to consume 51% more leaves per 24 h (t 3 = 8.92, P = 0.011), masticate 4.5% more per leaf (t 3 = 3.19, P = 0.047), perform 57% more ingestive mastications per 24 h (t 3 = 10.26, P = 0.002) and at a 13.4% greater rate (t 3 = 3.72, P = 0.034) than females without a dependent young (Fig. 1a-d ). They were also found to perform 30.4% more merycism mastications per 24 h (t 3 = 6.86, P = 0.006) than those females without young (Fig. 1e) ; however, no significant differences were found between the rate (mastications s -1 ) at which females with and without dependent young performed the merycism mastications (t 3 = 2.03, P = 0.1356) (see Fig. 1f ). The ratio of ingestive mastications to merycism mastications was found to be significantly higher in lactating females than in non-lactating females (t 2.81 = 4.31, P = 0.026), indicating that the increase in the number of merycism mastications associated with lactation was proportionally lower than the increase in the number of ingestive mastication.
Lactating females were found to spend 80.2% more time feeding per 24 h (t 2.26 = 4.85, P = 0.031), 118.8% more time feeding per feeding bout (t 2.82 = 3.93, P = 0.032), 62.2% more time climbing within trees per 24 h (t 2.01 = 5.19, P = 0.035), and 8.37% less time resting and sleeping per 24 h (t 2.01 = 8.92, P = 0.012) than non-lactating females ( Fig.  2a-d) . The amount of time spent walking on the ground and range sizes were not found to differ significantly between lactating and non-lactating females (Fig. 2e, f) .
Discussion
Herbivores derive most of their energy from plant material either through the endogenous breakdown of cell contents (Keys et al. 1969) or via the microbial fermentation of cell walls (Prins and Kreulen 1990) . Before the cell contents can be utilised, they must first be ) per 24 h. Means were calculated from the mean feeding parameters of two continuous, non-consecutive 24-h recording sessions for each of the three lactating and two non-lactating females. released from the obstructive cell wall. In hindgut fermenters, in which digestion takes place before the cells have been exposed to extensive fermentation, the cells must be ruptured through mastication. Likewise, in both hindgut and foregut fermenters, the rates of cellulose fermentation depend on the size and degree of damage (and thus extent of mastication) of the food particles presented to the gut microflora (Pearce and Moir 1964; McLeod and Minson 1969; Latham et al. 1978) . Koalas are hindgut fermenters and therefore derive most of their energy from the cell contents. However, koalas have an extraordinarily complex and capacious hindgut (caecum and proximal colon) in which fine particles are selectively retained relative to the larger (space-filling), less fermentable particles that pass through more quickly (Cork and Warner 1983) . This degree of hindgut specialisation is thought to contribute to the koala's ability to bend the allometric rules and utilise a diet that is high in fibre despite its small body size. In addition, Logan (2001) suggested that the occurrence of merycism (the action of regurgitating, remasticating and reswallowing preingested food material) may assist in the preparation of food material and thus contribute to an increase in the rate and extent of cell content digestion and cell wall fermentation.
Food processing
As expected, lactating females were found to consume significantly more leaf material than non-lactating females (Fig. 1c) . Higher intake and ingestive processing might also be expected to increase the number of cells ruptured during mastication and therefore increase the intake of digestible energy from cell contents within the small intestine. Similarly, increased food intake could increase energy uptake from fermentation of cell wall. The 51% increase in food consumption observed here is similar to Krockenberger's (2003) estimated increase of 41% derived from isotopic measures of water intake, and therefore confirms his suggestion that the increased intake of koalas during lactation represented one of the lowest increases recorded in a mammal. Krockenberger (2003) argued that a low increase in energy intake is probably facilitated by the koala's very low peak milk output (Krockenberger et al. 1998) . Whilst these two are undoubtedly correlated, the direction of causality is arguably more likely to be driven from the nutritional constraints rather than from the lactational strategies. Weston (1988) found that lactating ewes consumed more roughage, had a greater rate of consumption, maintained higher levels of digesta throughout the gut, cleared a particulate marker more rapidly, and ruminated more than non-lactating ewes; however, there was no detectable difference in digesta particle size distributions. In ruminants, the passage of particles through the gut is regulated by the retriculo-omasal oriface, whereby only particles below a critical size can pass out of the reticulum and into the omasum. Mastication (ingestive and rumination) functions to maintain a constant production of particles just below a threshold size that will fit through this 'gastric sieve'. This, in turn, maintains a balance between particle retention, passage and fermentation (Cork 1994) and is critical for controlled fermentation. If the fermentation rate is too low, the host starves. On the other hand, since the bacteria have access to cell nutrients before the host, very high fermentation rates can also be deadly due to the over-production of gas. Hence a dramatic shift in particle size distribution could upset the fermentation process. It appears that compensation is achieved by increasing intake, gut capacity and passage rate (perhaps via a slight relaxation of the reticulo-omasal sieve rather than a shift in particle size distribution) so as to produce a greater volume of appropriately fermentable particles. In contrast, selective retention of particles within the caecum and proximal colon of koalas is more likely to represent a gradational (rather than threshold) selector, whereby the finer the particle, the greater the probability of retention. If so, increasing intake and gut passage rate is likely to result in a shift in the caecal particle size distribution towards more finer particles. This could increase the rate and extent of fermentation by the nutrient-starved hindgut bacteria and thus increase the energy available for the lactating koala. Wei et al. (1999) found that although dry-matter intake of lactating and non-lactating female red pandas was similar, lactating females had significantly higher dry matter digested and digestibility. They suggested that lactating females may have achieved higher digestibilities by masticating the bamboo leaves more extensively, a suggestion that was partly supported by a greater proportion of fine particles (<1 mm) in the faecal pellets of lactating females than in those of non-lactating females. This implies that more extensive mastication can also bring about a shift in the particle size distribution of ingested food. In the present study, lactating female koalas were found to have a higher number of ingestive mastications per mouthful than non-lactating females (Fig. 1d) . This slight increase is likely to result in a greater proportion of cells being ruptured as well as in the production of a greater proportion of fine particles, and thus a further shift in the caecal particle size distribution. An increase in the amount of released cell contents and a shift in gastric and caecal particle size distributions, would increase the rate and extent of digestion of cell contents and cell wall fermentation respectively, thereby potentially compensating (at least in part) for the extra energy and nutrient requirements of lactation.
Whether the rates and extents of both digestion and fermentation increase proportionally to one another during lactation is unknown and perhaps the question of most interest. Despite the extreme degree of hindgut development, cell wall fermentation within the hindgut of koalas contributes only an estimated 9% of the daily digestible energy intake (Cork and Hume 1983) . This puzzled Cork and Hume (1983) , who concluded that the hindgut of koalas made only a minor energetic contribution and therefore must fulfill an important alternative function to have persisted in such a developed state. Nitrogen recycling (Cork 1986 ), water balance (Cork and Sanson 1990) as well as cytoplasm detanning (O'Brien et al. 1986 ) to increase protein availability have all been proposed as alternative functions. However, this disparity might itself emphasise both the importance of the contribution made by the hindgut fermentation towards enabling koalas to utilise a diet high in fibre and low in nutrients, as well as the relative difficulty in extracting energy from cell wall fermentation compared with cell content digestion. The disproportionately high degree of hindgut specialisation may also facilitate shifts in the relative energy contributions of the hindgut and forgut processes under different levels of energetic and/or nutrient stress. It would be interesting to see whether the proportions of energy derived from cell wall fermentation and cell contents extraction that were reported by Cork and Hume (1983) are altered under the energetic stresses of lactation.
Lactating female koalas performed 30.4% more merycism mastications per 24 h than did non-lactating females (Fig. 1e) . This increase may be due to the higher food intake that results in a greater quantity of ingesta available or requiring preprocessing. Interestingly, the higher ratio of ingestive mastications to merycism mastications in lactating versus non-lactating females indicates that the relative difference in merycism mastications between lactating and non-lactating females was less than that of ingestive mastications and thus suggests a relative reduction in merycism effort. Furthermore, whilst lactating females had significantly higher ingestive mastication rates than non-lactating females (Fig. 1b) , there was no difference in merycism mastication rates (Fig. 1f) . Logan and Sanson (2002b) speculated that altered mastication rates could alter the fracture properties of the food material, whereby teeth occluding at greater velocity could promote a greater degree of food reduction.
A smaller response in merycism behaviour than ingestive behaviour may reflect the disproportionate efforts required to further reduce particles of different sizes. Shipley et al. (1994) and Perez-Barberia and Gordon (1998) indicate that there is an exponential relationship between the initial size of food particles and the number of mastications required to bring about a certain rate of particle reduction. Therefore, whilst a little extra effort during initial ingestive mastication (e.g faster mastications and more mastications per unit of ingested food) may reduce some relatively large particles into many smaller particles, a disproportionately large amount of effort may be required to further reduce the size of already small particles. Hence a more substantial increase in merycism effort may not achieve substantial energetic returns. Furthermore, increased ingestive mastication may reduce the relative need to more extensive merycism.
Alternatively, the lesser extents of merycism may be due to temporal constraints. A faster ingestive mastication rate may simply decrease the amount of time required to masticate more leaves more thoroughly, whilst altering the time required to remasticate the small quantities of regurgitated food is potentially of less value. In fact, the substantially slower merycism mastication rate compared with ingestive mastication rate (Logan 2001) does imply different functionality anyway. Logan (2001) noted that merycism was performed at frequent, yet irregular, intervals while the koalas were awake and resting and suggested that the lack of any obvious body movements prior to remastication could indicate that regurgitated food material accumulates gradually in the mouth, rather than being heaved up as a large bolus. In the present study, lactating female koalas were not found to spend any more time resting while awake than were non-lactating females (P > 0.5). It is possible that the time required to accumulate enough material to stimulate a bout of remastication prohibits substantially more frequent bouts of merycism and thus the lactating females may not have had the opportunity to remasticate a more substantial quality of food material. The possibility that the behaviours interpreted and measured as merycism in koalas actually represent the mastication of food material stored within the mouth following a bout of feeding cannot be discounted. However, the frequency and prolonged occurrence of merycism bouts following the cessation of feeding suggest that more food is being processed than can be stored in a koala's mouth. Furthermore, oral food storage is usually observed only in species that utilise patchy food sources or transport food -neither of which apply to koalas. Therefore, it is unlikely that the patterns observed are the result of processing oral food stores.
Activity patterns
To accommodate the acquisition and comminution of more food material, lactating female koalas invested 80.2% more time in feeding than did non-lactating females (Fig. 2a) . Barclay (1989) suggested that the degree to which female hoary bats (Lasiurus cinereus) increase the time spent foraging throughout lactation (to a peak of at least 73% greater than during early lactation), despite a constant abundance of food, implies that hoary bats restrict the amount of foraging time to just what was necessary to meet their current energy demands, and thus act as 'time minimisers'. So, too, the optimal foraging strategy for koalas appears to be that of a 'time minimiser'. Clearly, the non-lactating females in this study could have foraged for longer and stored the excess energy in fat reserves. However, koalas do not appear to utilise fat stores and it may be less efficient to store and later catabolise fat reserves than it is to adjust the current feeding behaviour to meet the current energy demands. Moreover, in the long term, excess foraging is likely to accelerate the rate of tooth wear and the effects thereof (Logan and Sanson 2002b) .
Lactating females were found to spend 118.8% more time feeding per bout (Fig. 2b) . Masticating food to a greater extent (and increased gut passage rate) may require a greater volume of food material to be ingested (necessitating greater time for ingestion) before satiety is reached and a bout of feeding is complete. Alternatively, the increased bout duration associated with lactation may relate to the preference for more stable and capacious roosts (see below). Given the extra effort invested in travelling from a roost to the leaves and back again, it might be more efficient to feed in fewer, yet longer, bouts. Gedir and Hudson (2000) investigated the feeding behaviour and activity patterns of captive wapiti hinds (Cervus elaphus canadensis) on two pastural grazing regimes (light and heavy) during four phases of the reproductive cycle (early gestation, late gestation, peak lactation and late lactation). Wapiti hinds were found to graze longest during late lactation, when they also spent a greater proportion of their active time foraging and restricted foraging to fewer, yet longer, feeding bouts. Interestingly (and in contrast to the wapiti hinds), despite spending a significantly greater amount of time feeding per 24 h, lactating female koalas did not spend a significantly greater proportion of their active time feeding (81.7% v. 79.7%). Instead, they spent 8.37% less time resting and sleeping ( Fig. 2e) , presumably to the detriment of energy conservation.
For the remaining 20% of active time, lactating females were found to spend 62.2% more time moving around (climbing) within trees than were non-lactating females (Fig. 2c) . This is perhaps even more significant when considering the potential costs of infant carrying (Price 1992; Sanchez et al. 1999) . Concurrent observations revealed that lactating females appeared to prefer roosts that provided some protection from the summer sun. On days that exceeded 30°C, females with dependents (not just those recorded) were usually found sheltering in shadier trees (e.g. Banksia, Acacia and Exocarpus). Lactating female koalas also tended to roost in more spacious and stable parts of the trees (such as forks in the main trunk). This may be a precaution for the added weight and unpredictable shifts in balance caused by an adherent, yet at times acrobatic, dependent. Due to the sparse and distal nature of coastal manna gum foliage, stable and sheltered roosts tend to be further away from the leaves than those used by non-lactating females. This may also provide an alternative explanation for why feeding-bout durations were greater in lactating than non-lactating females. Given the extra effort invested in traveling from a roost to the leaves and back again, it might be more efficient to feed in fewer, yet longer, bouts.
Lactating females also appeared to utilise larger trees in which distances between roosts and leaves, as well as between different leaf-bearing branches, were greater. However, such trees are likely to provide a greater variety as well as quantity of roosts and leaves thereby reducing the necessity for more frequent tree swapping. The ranges of lactating females were highly variable and appeared to be related to the density of larger trees. While the size of the areas used by these animals ranged from 0.49 to 2.4 ha the number of trees used remained relatively constant (1.67 per 24 h). In contrast, the two non-lactating females had small ranges and utilised more trees (3.0 per 24 h). Sanson (2002b), and Logan (2003) investigated the effects of tooth wear on the ingestive feeding behaviour, and merycism (rumination-like) behaviour respectively of free-ranging male koalas. Although the techniques and equipment used in both studies were comparable to the present study, the lactating females used in the present study were estimated to be at peak lactation (and thus represent an extreme with respect to energy and nutrient requirements), whereas the individuals investigated by Logan and Sanson (2002b) , and Logan (2003) did not necessarily represent the extremes of high and low tooth wear. Furthermore, since this study was conducted in a different year and different time of year, it is possible that the leaves consumed had different biochemical and/or physical properties. Nevertheless, it is interesting to compare the relative contributions of the feeding compensations used to offset the two different nutritional stresses (tooth wear and lactation). Logan and Sanson (2002b) found that the koala with the highest degree of tooth wear consumed 41% more leaf material per 24 h and masticated leaves 25% more than the individual with the lowest degree of tooth wear. This resulted in a 116% increase in total ingestive mastications per 24 h. By comparison, the results of this study suggest that lactation leads to a relatively higher increase in leaf consumption (51%), yet a substantially lower increase in the number of mastications per leaf (4.5% cf. 25%), and thus lower increase in total ingestive mastications per 24 h.
Comparison with tooth wear compensations
Individuals with high degrees of tooth wear do not necessarily have higher energy requirements than individuals with lower degrees of tooth wear; rather, they have difficulty maintaining energy intake due to the ineffectiveness of the teeth. Compensating for tooth wear is likely to emphasise the maintenance of gastric and caecal particle size distribution so as to maintain energy intake. This is achieved by processing food material to a greater extent. In contrast, lactational compensations emphasise the shift in particle size distributions towards the finer particles so as to increase energy intake. Due to the negative exponential relationship between masticatory effort and particle breakdown, this may be achieved most efficiently through greater food intake and gut passage rate as well as the selective retention of fine particles.
Ecological implications
Despite these differences, the strategies for compensating for lactation and tooth wear are very similar. Therefore the ability of a female koala to compensate for lactation (meet the extra energetic demands of milk production) may depend on the extent to which it is already compensating for tooth wear. Martin (1981) and Martin and Handasyde (1990) present age-specific fecundity data from a number of Victorian koala populations. Whilst it is obvious that fecundity is lower in populations infected with Chlamydia, the data (particularly from the Chlamydia-free French Island population) also indicate that fecundity declines with age (actually degree of tooth wear). Hence, by reducing the capacity to compensate for the extra costs of lactation, tooth wear, the major aging effect (P. Mitchell, pers. comm), could ultimately define the reproductive lifespan of female koalas.
Although it is acknowledged that the above conclusions are based on only a small number of individuals, the enormous investment of time required to obtain this quantity and quality of data per individual per 24 h currently prohibits large sample sizes. The results presented are consistent with the literature and provide further understanding of the mechanisms by which female koalas compensate for the extra energy demands imposed by lactation and juvenile dependency.
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